INTRODUCTION
Streptococcus mutans is a prevalent resident of dental plaque that is exposed to a plethora of environmental insults, including drastic fluctuations in carbohydrate source and availability, acidic pH, oxidative stress and the shear force of salivary flow. To be able to thrive in a fluctuating environment, S. mutans has developed an intricate network of survival strategies that include: (1) numerous sugar transport systems and a carbon catabolite repression (CCR) system that tightly regulates sugar transport and carbohydrate utilization; (2) growth regulation through a stringent response to nutrient starvation; (3) two-component signal transduction systems (TCSTSs) and an orphan response regulator (RR) that transduce changes in the extracellular environment into adaptive changes in gene expression; and (4) numerous mechanisms of attachment to the tooth surface to facilitate resistance to salivary flow and to promote biofilm formation [1] . S. mutans uses surface proteins such as adhesin P1 and WapA for sucrose-independent adhesion. In the presence of sucrose, S. mutans secretes glucosyltransferase (GTF) enzymes that utilize dietary sucrose as a substrate to build polymers of glucose (glucans), which in conjunction with glucan binding proteins (GBPs), provide structural support for the oral biofilm. During growth in biofilms, S. mutans genetic competence is increased [2] . Genetic competence allows bacteria, including S. mutans, to take up and incorporate extracellular DNA [3] .
It is established that S. mutans develops a competent state by upregulation of the 'master regulator' of competence, the alternate sigma factor (SigX), which acts via two selfgenerated peptides, competence-stimulating peptide (CSP) [2] [3] [4] and comX (sigX)-inducing peptide (XIP) [4] . While there are marked differences in the mechanisms adopted by each specific regulon, CSP-and XIP-signalling intersect at ComX to induce expression of the genes required for DNA uptake and integration. The CSP-mediated pathway includes the histidine kinase ComD, which transduces the information to its cognate response regulator ComE [2] , which then indirectly activates comX. The more recently identified competence peptide, XIP, generates a competent state in S. mutans by directly activating the expression of comX and the genes required for DNA acquisition [2, 4] . The mechanisms of XIP secretion, uptake and regulon control have been reported [4, 5] . Aside from increasing genetic diversity via DNA uptake, ComX activation also regulates other processes important for S. mutans persistence in the oral cavity, including the production of bacteriocins (antimicrobial peptides used to outcompete closely related species), stress adaptation and biofilm formation [2, 6, 7] .
Other specialized mechanisms to contend with environmental stress include potassium (K + ) accumulation. K + is a monovalent cation essential for bacterial growth [8] and is the most abundant cation in dental plaque fluid and saliva [9, 10] . Recently, we characterized the role of potassium (K + ) in S. mutans growth, biofilm formation and stress tolerance [11] . Growth under low K + conditions (<5 mM KCl) resulted in reduced growth, reduced GTF activity, reduced biofilm formation and an altered membrane potential in S. mutans UA159. The low K + phenotypic characteristics were significantly worsened by deletion of trk2 encoding the major K + transporter in S. mutans [11] . Research in Bacillus subtilis has also suggested a role for K + in DNA transport in genetically competent cells. In B. subtilis, DNA binding and transport depends on the membrane potential and the pH gradient across the membrane [12] . Thus, we questioned whether K + gradient across a membrane could affect membrane protein function, including trafficking signalling peptides, or DNA during competence. K + cations contribute to an initial reversible attachment of negatively charged DNA to the negatively charged cell wall [13] . Thus, the transformation process may depend on membrane physiology in at least two key steps: the secretion and processing of signalling peptides, and the uptake of extracellular genetic material.
Our goal was twofold: first, to identify mechanisms by which the environmental K + or deletion of trk2 affected the virulence attributes of S. mutans such as biofilm, acid tolerance and acid production that we observed previously [11] . We evaluated various elements of the low K + -induced stress cascade at both genetic and protein levels in S. mutans UA159. Second, we examined the effect of low K + or trk2-deletion on the expression of key competence regulators and transformation efficiency. Emanating from our previous report, 25 mM KCl was selected as optimal, 5 mM as low and 50 mM as high concentration [11] . Our findings indicated that in S. mutans, K + plays a critical role in cell metabolism, adhesion and genetic exchange with the environment.
METHODS
Bacterial strains and culture conditions S. mutans strains were grown in Todd-Hewitt yeast extract (THYE) broth. To test the growth-relevant effect of K + , minimal-defined potassium-deprived medium (with 1 % glucose MMGK(+) was used). The MMGK(À) was prepared as previously reported [14] with the following modifications. Potassium salts were replaced with sodium salts, and cystine and 5 mM glutamic acid were added fresh to final concentrations of 5 mM each immediately before use. For examining biofilmrelevant experiments in S. mutans, we replaced the glucose with 1 % sucrose MMSK(À) to simulate optimal biofilm conditions while selecting for K + -relevant phenotype. Similarly, for transformation assays and competence-associated gene expression we used modified chemically defined potassiumdeprived medium (CDMK-) at 37 C with aeration. We attempted to use MMGK-for XIP-mediated transformation assay, but concluded that synthetic XIP (sXIP) does not function in MMGK-or THYE; we therefore proceeded with modified CDM. The CDMK-was prepared as described previously, except that the potassium-containing components were omitted [4, 15] . The primers used are listed in Table 1 . The trk2 null mutant was constructed previously [11] using PCR-ligation mutagenesis [16] .
Measurement of transformation frequency (TF)
Overnight cultures of S. mutans strains grown in THYE were pelleted, washed and re-suspended to the original volume in 1Â PBS. Each re-suspended culture was diluted 50-fold using pre-warmed CDM(K-) containing 5, 25 or 50 mM K + and grown to OD 600~0 .6. Next, 1 µg ml À1 of the donor plasmid DNA (pDL277; specR) was added to 1 ml aliquots of the culture in the presence or absence of XIP (10 µM), and samples were incubated for 90 min. For XIP, control cultures containing 1 % DMSO were utilized. After incubation, cultures were serially diluted and plated on THYE plates with and without antibiotics. Percent TF was calculated as transformant c.f.u. divided by the total number times 100. A similar experiment using CSP (0.4 µM) was performed using MMGK containing 5, 25 or 50 mM K + during transformation, and the cells were then processed for plating as mentioned above.
Quantitative real-time PCR (qRT-PCR) analyses
To evaluate expression change in genes involved in genetic transformation, overnight cultures of UA159 and its derivative strains: trk2-null and SMU_63c null were diluted 20-fold in fresh CDM (K-) supplemented with either 5, 25 or 50 mM K + and grown to an OD 600 of 0.6. RNA was isolated and treated with DNAse before proceeding with cDNA synthesis. The gene expression analyses were carried out using the method of Pfaffle [17] . The genes and the primers used for qRT-PCR are listed in Table 1 . Expression was normalized to that the of 16SrRNA gene, and fold-change was calculated relative to expression in wt UA159 grown under matched OD and K + conditions. For our purposes, an expression change of more than twofold as compared with expression in controls was considered significant.
To evaluate changes in expression of genes listed in Fig. 1 37 C, following which cells were pelleted and washed twice in 20 mM Tris-Cl, pH 8.0 and extracted for 1 h with 0.5-1.0 ml of 4 % SDS followed by boiling for 10 min. Samples were centrifuged at 16 000 g and the supernatants saved for Western analysis. Using an OD 280 of 1.0=1 mg ml À1 protein, 20 µg of protein extracted from duplicate cell cultures were applied to a 4-20 % TGX gradient gel (BioRad) and proteins were separated at 150 V constant voltage. Following electrophoresis, separated proteins were blotted onto PVDF membrane for 7 min using the Transblot Turbo (BioRad) and membranes were blocked overnight in PBS 0.3 %, Tween 20 5 % skimmed milk. Primary murine ascites fluid, rat antiserum or rabbit antiserum was added to the blot at a 1 : 500 dilution and incubated for 1 h at room temperature, and 1 : 1000 goat-anti-mouse, anti-rat or anti-rabbit-HRP conjugated antibody was added (MP Biomedicals). The blots were treated with ECL-Prime substrate for 1 min prior to chemical imaging in the G-Box (Syngene). Anti-P1 monoclonal antibodies and anti-SMU_63c polyclonal rabbit antiserum were from our collection. Polyclonal rat anti-GbpB, rabbit antiantigen A (WapA) and rabbit anti-AtlA were kind gifts from Dan Smith, Forsyth Institute, My Lien Dao, University of South Florida, and Sang-Joon Ahn, University of Florida, respectively. 
RESULTS

K
+ level regulates the expression of known stress response genes We had previously observed a negative impact of K + limitation on the growth of S. mutans UA159, and demonstrated that the optimal level of K + for planktonic growth in a defined growth medium (MMGK-) was 25 mM [11] . To understand why K + concentrations higher or lower than 25 mM impacted the growth of S. mutans, we tested the expression of specific genes known to be involved in sugar metabolism, stress regulation, cell adhesion and cation transport in S. mutans UA159. Cells were grown in the presence of 5, 25 or 50 mM K + and gene expression was measured by qRT-PCR. The list of primers used and genes analysed is reported. Expression levels in cells grown in 5 or 50 mM K + were reported relative to those of cells grown in 25 mM K + ( Fig. 1 ). Most of the metabolism genes tested were downregulated at the early exponential growth phase in the presence of 5 mM K + (Table S1 ), consistent with the growth defect observed previously [11] . In contrast, when the late exponential growth phase was reached, an upregulation was observed in the expression of sugar metabolism-associated genes, namely bglP (~20-fold) encoding for beta-glucosidespecific enzyme II, scrA (~twofold) encoding for sucrosespecific enzyme II and ptnA (~sixfold) mannose-specific transporter. Cells grown under these conditions also upregulated expression of genes relative to 25 mM potassium involved in cation transport, specifically proton and K + transport (~fivefold), and genes encoding adhesion proteins such as GbpB and GtfB (>threefold) as seen in Fig. 1(a) . We also observed a >fivefold change in the expression of genes involved in the stress regulon, including codY, relR, gcrR and vicR. In the presence of 50 mM K + (Fig. 1b) , expression of these regulators during the late exponential growth phase was either downregulated or equivalent to their expression in 25 mM K + . The only exception was increased expression of codY. Collectively, these results revealed a global impact on the transcription of numerous genes stemming from alterations in K + homeostasis in S. mutans.
Effect of K + availability on S. mutans surface and secreted proteins Our previous Western blot results showed a decrease in the amount of GTF extracted from the trk2-null mutant strain compared to UA159 [11] . Therefore, in the present study we performed Western blots to assess the effect of K + availability and trk2 deletion on the levels of other S. mutans surface-localized proteins, including adhesin P1, autolysin AtlA, glucan-binding protein B and wall-associated protein A, as well as the previously uncharacterized secreted protein encoded by SMU_63c. The most pronounced impact of K + availability was observed on the product of SMU_63c from cells grown to stationary phase (Fig. 2) . SMU_63c has recently been suggested to function as a negative regulator of genetic competence and biofilm cell density in S. mutans [18] . A DSMU-63c-deletion mutant was hyper-competent and exhibited a hyper-density biofilm phenotype in which cells piled up on top of each other in a distinctly different architecture than the wild-type [18] . In wt UA159, detection of the SMU-63c protein was highest in stationary phase cells when K + was 5 mM in the growth medium and lowest at the 50 mM K + concentration (Fig. 2a) . The level of the SMU_63c product was clearly negatively impacted by deletion of trk2, particularly when cells were grown to stationary phase in 5 mM K + . When cells were grown to stationary phase in the presence of 50 mM K + , SMU_63c production was reduced and the effect of the trk2 deletion was no longer obvious.
We also observed an effect of growth medium K + concentration on the reactivity of two out of three P1-specific MAbs (Fig. 2b ). P1 has a highly unusual SDS-resistant tertiary structure [19] [20] [21] . Hence, reactivity with certain anti-P1 MAbs is indicative of protein conformation. While the reactivity of MAb 4-10A increased with an increase in the concentration of K + in the medium, the opposite effect was observed for MAb 3-10E. MAb 4-10A recognizes a discontinuous conformational epitope contained within the helical stalk of P1, whereas MAb 3-10E recognizes a discontinuous conformational epitope at the base of the stalk where an interaction between amino-and carboxy-terminal sequences forms an intra-molecular lock to stabilize the structure [21] . The dynamics and location of P1 folding are not completely understood, although certain components of the membrane-localized protein secretion machinery have been shown to contribute to its final mature functional structure [22] . As evidenced by increased binding of MAb 3-10E, the current results suggest that formation of P1's locked structure is facilitated in the presence of 5 mM K + . The opposite effect was observed for MAb 4-10A, whose epitope was better exposed at the higher K + concentrations. MAb 1-6F recognizes a linear epitope within the globular head of P1. Its reactivity was relatively unaffected by K + levels, suggesting that it was the conformation of P1 rather than the total amount of extractable protein that was affected. Deletion of trk2 did not affect the reactivity of any of the three anti-P1 MAbs at any of the K + concentrations tested, suggesting that it is not K + uptake responsible for the observed results but rather a more local influence of the prevailing K + concentration at the cell surface.
Consistent with the results observed for P1, there was no obvious uniform effect of trk2 deletion on the levels of reactivity of anti-WapA, anti-GbpB or anti AtlA antisera with S. mutans cellular extracts (Fig. S1 ). This is not surprising given that the total amount of extractable P1 was not altered by this deletion (Fig. 2b, MAb 1-6F would affect the ability of cells to attain a state of competence. It was shown previously that compared to UA159 the trk2-null mutant remained K + -deficient for a prolonged time (!30 min) following incubation in a K + -deficient medium [11] . This effect was also evident from membranepotential assays in which the trk2-null mutant remained less depolarized compared to wt UA159, suggesting that K + accumulates at a lower level in the mutant strain. Therefore, both wt UA159 and the trk2-null mutant were used to evaluate the effect of low intracellular K + levels on TF (Fig. 3) . When grown in CDMK with 5 mM K + , the wt strain exhibited nearly a 100-fold reduction in natural transformation compared to cells grown in !25 mM K + (Fig. 3a) . The reduction in UA159 TF under limiting K + conditions was restored by exogenous addition of 10 µM synthetic XIP (sXIP) (Fig. 3a) . Thus sufficient K + , !25 mM, was required for S. mutans transformation in the absence of XIP. A deletion in trk2 also resulted in abolished competence that could be complemented with 10 µM XIP, but again only in the presence of !25 mM K + (Fig. 3b) . These results indicated that low K + had a negative impact on natural competence development in S. mutans UA159 and that sXIP helped to overcome the effect of K + limitation on genetic transformation.
To confirm the effect of K + on the ability of S. mutans to attain a state of competence, it was also necessary to test the effect of K + on competence induction by the second competence peptide, CSP. Since CSP induction was not functional in CDMK growth medium, wt UA159 and trk2-null strains were grown to 0.1 in MMGK medium in the presence of 5, 25 or 50 mM K + conditions before measuring TF in THYE broth with or without the addition of 0.4 µM synthetic CSP. CSP induction can be observed only in THYE medium and not in a defined medium, so it was imperative to transfer the cells to THYE after pre-treatment with defined K + in MMGK-. No significant differences were observed in UA159 TF grown in the three K + concentrations tested, either in the presence or absence of CSP. However, natural transformation was completely abolished in the trk2-null mutant in the absence of CSP treatment (Fig. S2) . Addition of CSP restored some degree of genetic competence to the trk2 mutant strain in the presence of 25 or 50 mM K + , but TF was~100-and >10-fold lower, respectively, than in the wt strain. Collectively, these results reinforce the conclusion that K + homeostasis is an important determinant of competence development in S. mutans.
K + affects expression of key regulators in competence development
A common and critical point of intersection for both CSPand XIP-mediated competence induction pathways is activation of expression of the alternative sigma factor ComX [23] . The current model suggests that a two-way activation mechanism exists between the CSP-ComDE and XIPComRS pathways in S. mutans via the ComX regulon, and it is this mutual link that coordinately controls bacteriocin expression and genetic competence via the ComDE and ComRS pathways, respectively [23] . Since ComRS represents the direct signalling pathway for comX induction and competence activation, we tested the effect of K + levels on the expression of comR/S, as well as its downstream target comX, in both wt UA159 and trk2-null mutant strains. Expression levels of comS, comR and comX were tested by qRT-PCR using cDNA obtained from UA159 or trk2-deletion strain grown in 5 mM K + , and their relative expression was compared to that of wt UA159 grown in CDMK supplemented with 25 mM K + . Similar to the effect of K + limitation on TF, expression of comS and comX was (Fig. 4) . These results are consistent with a mechanism by which K + limitation impedes the ability of S. mutans to achieve a competent state by downregulating expression of the key competence activation genes.
K + levels influence the SMU_63c gene
Due to the close proximity of SMU_63c to comRS (Fig. 5a) , we further evaluated the potential involvement of SMU_63c in cell signalling and competence development. We have found expression of SMU_63c to be regulated both by XIP and CSP [18] . Also, preliminary results showed that SMU_63c-null mutant exhibited high transformation efficiency in a chemically defined medium [4, 15] rich in K + . In this study, the medium was modified to control K + levels. In the current study, we further found that expression of SMU_63c is sensitive to the concentration of environmental K + , but the effect is growth phase-dependent. SMU_63C expression by wt UA159 was significantly increased in lateexponential-phase cells grown in 5 mM K + compared to those grown in 25 or 50 mM K + (Fig. 5b) . This effect was not observed in early or mid-log phase cells. While natural transformation was abolished for the SMU_63c-null mutant except in the presence of 50 mM K + , addition of sXIP increased the TF of the SMU_63c mutant at lower concentrations of 5 and 25 mM K + (Fig. 6) . When the strains UA159 and DSMU_63c were grown in CDM containing 5 or 25 mM K + , there was no significant difference observed in terminal absorbance/cell yield (Fig. S4) . However, when cells were grown in CDM containing 50 mM K + , the DSMU_63c mutant achieved a significantly higher terminal absorbance than wt UA159. This finding is consistent with the hyper-density phenotype observed for the mutant strain lacking SMU_63c when cells were grown within biofilms in rich medium in which environmental K + was plentiful [18] . No significant difference in growth was observed between wt UA159 and DSMU_63c mutant at 5 and 25 mM K + concentrations (Fig. S4) .
DISCUSSION
The contribution of the essential cation K + to competence development in streptococci has not been reported previously. This study identifies a previously unknown link between K + and natural genetic transformation of S. mutans, and identifies molecular elements involved in the response to K + limitation by this bacterium. Herein we examined how disruption of K + homeostasis as a result of elimination of the major K + uptake system, Trk2, of S. mutans affects the organism's natural transformability. Our results suggest that low K + is perceived as a stress signal, which induces the expression of genes encoding stress response regulators and that an imbalance in K + levels can affect multiple molecular pathways in S. mutans, and that these effects are dependent on the growth phase of a cell. Together, these results identify some intricate involvement of K + in regulating S. mutans physiology.
Our preliminary qRT-PCR analysis revealed that in a comS deletion strain, the expression of the trkA component of the bicistronic trk2 operon was upregulated, whereas trkA was downregulated in wt UA159 treated with XIP (Fig. S3) . Even though the transcriptional analyses were done using cells grown in K + -rich conditions, such a high fold-change in the expression of trkA led us to question whether K + homeostasis affects genetic transformation in S. mutans via a ComRS pathway. Therefore, we tested the effect of K + perturbations on the TF of S. mutans. Our results showed that low levels of K + ( 5 mM) in the growth medium negatively affected competence in S. mutans. Genetic transformation in S. mutans occurs most efficiently in the presence of 25 mM K + . This concentration of K + is also within the physiological concentration range of K + in saliva [10] . To determine whether the observed effect of K + on genetic competence was due to intracellular pools of the cation, we examined the TF of the trk2-null mutant strain. Transformation was essentially abolished in the mutant lacking the Trk2 transporter and could only be restored to low levels by addition of exogenous XIP if the K + concentration was >25 mM. Thus, we concluded that K + homeostasis is a critical factor contributing to competence development. A corresponding decrease in comS and comX expression was observed when the K + concentration in growth media was limited to 5 mM. To further evaluate the impact of K + availability on competence development, we measured expression of comR, comS and comX, which are all known to be involved in XIP-mediated competence, in wt UA159 and trk2-null mutant strains. Although the expression of comR was not affected by K + availability, a marked reduction in comS and comX expression was observed in the trk2-null mutant or in cells grown in 5 mM K + . To confirm that the relationship between K + and transformation phenotypes observed is not specific to mutant strains lacking K + transport systems, we chose to examine the effect of K + on the SMU_63c-null mutant. We had previously observed a high transformation phenotype for the SMU_63c-null mutant and hypothesized a relation with the competence regulon via ComRS. Due to the close proximity of SMU_63c to the comRS operon and its regulation by XIP and CSP [18] , SMU_63c was chosen to confirm the impact of K + on genetic transformation. The TF of the SMU_63c mutant in rich medium increased in genetic competence in the presence of 1 µg ml À1 CSP and SMU-63c protein also forms amyloids in vitro, so it is a conserved streptococcal protein, and is probably membrane-localized as well as being found in the culture fluid [18] . In our current study, natural transformation of the SMU_63c mutant as well as wt UA159 in the absence of added XIP was abolished when K + was limited to 5 mM. Natural transformation was observed in the wt strains at both the 25 and 50 mM K + concentration, but only at the 50 mM K + concentration for the SMU_63c mutant. Furthermore, while addition of exogenous XIP significantly increased the TF of wt UA159 at all K + concentrations tested, XIP was less effective at inducing genetic competence in the SMU_63c mutant when the K + concentration was limited to 5 mM. While dissection of the molecular mechanisms underlying the contribution of SMU_63c to genetic competence under varying growth conditions is under way, we conclude from our Western blot experiments and transformation assays that expression of the gene is responsive to the external K + concentration and is increased when levels of this cation are limiting. This effect is most pronounced in stationary growth phase cells.
In S. mutans, sugar metabolism is a major process that contributes significantly to pathogenicity [24, 25] . The phosphoenolpyruvate (PEP)-dependent sugar phosphotransferase system (PTS) represents a major carbohydrate uptake system, and at least 14 types of PTS pathway have been identified in the genome of S. mutans [26] of which PTS for glucose, fructose, maltose and sucrose are constitutively expressed [26] . PTS components contribute to a global signalling cascade that orchestrates carbohydrate utilization with processes such as the stress response regulon. The sugar-specific components of the PTS are membrane-bound transport proteins, which undergo phosphorylation to transduce signals to other cellular proteins [27, 28] . In E. coli and other bacteria, PTS ntr is linked to K + uptake, where a membrane-bound component binds to TrkA of the Trk-transporter [29] and to the kinase KdpD that regulates the Kdp operon [30] . Further more, intracellular K + levels may influence the stress response protein, which further regulates the PTS signalling cascade [31] . Thereby, an intricate two-way regulation exists between intracellular K + concentration and PTS activity. A canonical PTS ntr is absent in S. mutans; however, an analogous PTS regulatory system is present. In B. subtilis this system was proposed to depend on the phosphorylation status of the anti-terminator LicT that controls b-glucoside utilization [31] . Increased expression of the sugar metabolism genes tested was demonstrated at 5 mM K + .
Although K + limitation in the S. mutans growth medium regulated expression of bglP, scrA and ptnA, this effect was growth phase-dependent ( Fig. 1 and Table S1 ). Specifically, gene expression (Fig. 1a) was low in 5 mM K + at early growth phase, but increased significantly as the growth reached late logarithmic to early stationary phase. The effect of low K + was not seen when K + was present at 50 mM. We also observed increased expression of atpE (proton transporter) and trkH (K + transporter) at late exponential growth phase under low K + conditions. The association of proton transporter with acid stress has been reported in a review by another group [32] , while we showed that K + is required for growth under acid stress [11] .
Low K + is a stressful condition for S. mutans. To probe how this stress signal is perceived, we tested the effect of growth in 5 mM K + on the expression of stress response regulators such as relR (associated with the nutritional alarmone pppGpp) [33] , gcrR (stress-associated orphan response regulator), vicR (stress-associated response regulator) [34] and codY (stress response regulator) [35] . These regulators have been individually characterized and all overlap in function, especially in the stress response. In this study, we observed that K + limitation caused >fivefold upregulation in expression of each of these genes. Interestingly, their expression decreased as the concentration of K + in the growth medium increased, except for codY, which was also overexpressed in the presence of 50 mM compared to 25 mM K + . Intracellular isoleucine and GTP levels within Gram-positive bacteria can regulate codY expression [36] . In S. mutans, codY depends more on isoleucine levels rather than GTP levels [35] . Branched-chain amino acids (BCAAs) were reported to accumulate in S. mutans with the help of the proton motive force [37] . Therefore, an environmental K + limitation that affects cell energetics could also impact BCAA accumulation within the cell. In addition, reduced BCAA biosynthesis, including isoleucine, may be another consequence of limited intracellular K + . K + has been shown to influence enzymes involved in the BCAA biosynthesis pathway [38] . Ultimately, a reduction in isoleucine levels could result in upregulation of codY under limited K + growth conditions.
We had previously observed reduced glucosyltransferase-S (GtfD) and extracellular polysaccharide levels under low K + growth conditions [11] . In this study, we examined the effect of K + limitation on the expression of several other genes involved in cell adhesion, namely gbpB (glucan-binding protein B) [39] , gtfB (glucan-metabolizing enzyme) [40] and spaP (surface antigen P1) [41] . Surprisingly, in the presence of low K + , expression of all of these genes, particularly gtfB, was upregulated during late exponential phase, even though we had previously observed reduced biofilm biomass when environmental K + was limited [11] . Our Western blot results of cell surface extracts reacted with anti-P1 monoclonal antibodies specific for conformational epitopes (see Fig. 2 ) may offer a plausible explanation for this unexpected result. Reactivity of one of the MAbs, 4-10A, increased as K + concentration in the growth medium was increased, whereas reactivity of the other, 3-10E, decreased. Reactivity of a third MAb, 1-6F, which recognizes a linear epitope, was unchanged by K + concentration in the growth medium, indicating comparable levels of total P1 in all the samples. Thus the level of environmental K + appears to influence folding of this protein by an asyet-unknown mechanism. The same result was seen irrespective of whether wt UA159 or trk2-null mutant cells were analysed, suggesting that the effect is due to external rather than intracellular K + levels. Therefore, the incongruity observed in diminished Gtf activity [11] compared to elevated gene expression may be due in part to a K + -related effect on protein conformation via an unknown mechanism. Although we evaluated the effects of K + concentration on the levels of other cell surface-associated proteins including GbpB, WapA and AtlA, those Western blot experiments were performed using polyclonal rabbit antisera, since MAbs against those molecules are not available. The evidence in this article suggests that extracellular K + may have an effect on extracellular protein folding but does not appear to affect secretion levels of the four proteins tested.
Of the several extracellular proteins whose levels were tested by Western blot, we observed an inverse effect of extracellular K + concentration on the previously uncharacterized protein encoded by SMU_63c. Its predicted regulators are CodY and RelR based on the prediction tool RegPrecise (id: 45107) [42] , both of which are stress response regulators. As stated above, we observed that expression of these regulators was sensitive to the K + level during the growth of S. mutans. SMU_63c is adjacent to the comRS operon, which is responsible for XIP-mediated genetic competence. The expression of SMU_63c is upregulated in response to either CSP of XIP exposure [18] , suggesting its involvement in quorum sensing or genetic transformation. Reactivity of polyclonal rabbit antiserum against the SMU_63c product present in SDS extracts of whole S. mutans cells was higher with stationary phase cells at 5 mM K + as compared to 25 or 50 mM K + in the growth medium. Examination of expression of SMU_63c in UA159 at different growth phases in the presence of 5, 25 or 50 mM K + corroborated our protein expression results. Maximum expression of SMU_63c was observed in late exponential phase cells grown in medium with 5 mM K + . One may argue the link between K + and genetic transformation emanating due to K + limited growth, or due to the direct impact of K + on expression of the key genes in the competence pathway. Although our results confirm K + -mediated regulation at gene and protein expression level, these findings were growth phase-dependent and further research is warranted to clearly define the pathways involved in a growth-phase-dependent manner.
In the present study, we have shown that a perturbation in K + concentrations across the cytoplasmic membrane acts as a signal to the cell. This signal can then generate a stress response by altering the expression of genes involved in metabolic and regulatory pathways, and ion transportation to restore the gradient. We have also shown that an adequate K + concentration (!25 mM) is required during the process of genetic competence. A direct effect on genetic transformation is seen when K + homeostasis is disrupted, implying that the cell shifts its efforts to restoring the gradient and responding to the perceived environmental change, rather than taking up new genetic material. While this study reflects the global impact of environmental K + perturbation, including the changes in the expression of genes involved in stress response, adhesion and metabolism, such as gtfs, gcrR, bglP and codY, future studies need to be done to understand how these pathways interconnect and when K + is involved in regulation of the same. Fig. S5 summarizes our conclusion regarding the effects of low K + on S. mutans and a restoration of the phenotypes when sufficient K + is available. This is the first evidence of a relationship between K + homeostasis and genetic transformation in S. mutans. 
